Compositional and mineralogical (primary silicate minerals, volcanic glass, secondary minerals) properties of weathered basaltic ash soil ("Andisol") derived from Mt. Fuji, central Japan, with an age of ca. 6,000 y.B.P. to 240 y.B.P. were studied. X-ray fluorescence analysis indicates that the order of relative elemental mobilities during the weathering is Na, Ca > K > Mg > P > Si > Ti, Fe > Al > Mn.
INTRODUCTION
Airfall tephra deposits of basaltic composition from surficial deposits over in wide area in Japanese Islands are of prime importance as soil parent material.
The volcanic ash soils are in the properties of surface A horizons of the soils and are usually have melanic (term used here for Munsell color value and chroma, moist, of 2 or less) A horizons and in general characterized by Atype humic acid with a high degree of humification and thicknesses of more than 30 cm (Sase and Hosono, 1996) . Such soils with melanic A horizons are called Andosol or Andisol (e.g., Sase and Hosono, 1996) .
The Andisol was formed during the last ten thousands years and covers about 16% of the area of Japan. Considerable effort has been made to elucidate many aspects of the Andisol. For example, mineralogical studies revealed that volcanic glass, feldspar, pyroxene and olivine are the primary materials which were derived from basaltic parental volcanic ash and that allophane, imogolite and halloysite are the dominant secondary minerals.
Bulk compositional weathering profiles of the volcanic ash soils in Japan have not been studied except for the top soils in Tohoku (Northern Honshu) by Kurashima et y.B.P. to the present. The Andisol is underlain by loam which is defined as weathered clay-rich volcanic ash material from Mt. Fuji and Mt. Hakone and aerosol derived from Asian continent (mainly China) which is redyellow in color.
40 samples were collected at natural exposures from two sites in the study area (A and B sites) (Fig. 2) . The thickness of Andisol at the two sites is 1-2 m. Samples were stored in sealed polyethylene bags in moist condition until returned to the laboratory for analyses.
14 C dating has been done for three samples collected from 1.6 m, 1.0 m, and 0.4 m depth of A site which are in a range of 1100-5300 B.P. These data are consistent with previously estimated age of Andisol in the Mt. Fuji area.
MINERALOGICAL STUDIES

Primary materials
The primary materials with a grain size of 2 mm-2 mm were determined using both standard X-ray powder diffraction (XRD) and optical microscopic (binocular, thin section and scanning electron microscopic (SEM) observations) techniques. Minerals were identified by XRD under the condition of Cu-Ka radiation, 40 kV, 60 mA and scanning speed 2∞/min. Volcanic glass is found to be the dominant material. Lithic fragments are common, but the abundance of lithic fragments is less than that of the volcanic glass. The minerals identified are feldspar, olivine, quartz and magnetite. The variation in the amounts of primary materials with depth was obtained by counting the number of grains (more than 200 for each sample) under binocular microscope (Fig. 3) . Olivine, pyroxene and feldspar are abundant, while quartz is present in low and magnetite is very low amounts. It is inferred that quartz did not originate from basaltic tephra of Mt. Fuji. The black volcanic glass decreases in abundance with depth, suggesting the dissolution of volcanic glass by the soil water penetrating downwards. Lithic fragments increase in relative abundance. This increase is probably due to dissolution of the volcanic glass.
The chemical compositions of the minerals (feldspar and olivine) and the volcanic glass were obtained by EPMA (Table 1) 
Clay minerals
The clay fraction (less than 2 mm in grain size) mineralogy was determined by a X-ray diffractometer (XRD) using Ni-filter Cu-Ka radiation, 40 kV, 60 mA and scanning speed 2∞/min. RAD-C diffractometer was used for untreated samples on the glass slide under atmospheric conditions.
The dominant clay mineral identified by XRD analysis was halloysite. The intensity of the X-ray diffraction pattern for halloysite increases with depth (Fig. 4) .
Dissolution by acid oxalate solution was used to determine the presence of allophane (Higashi and Ikeda, 1974) . The samples were dried at 40∞C for 24 hours. 100 mg samples were shaken for 1 hour at 30∞C in 200 ml of 0.15M Na oxalate of pH 3.5. Al and Fe concentrations were then determined by Atomic Absorption Spectroscopy (AAS). From the concentrations of the extracted Al and Fe, the weight % of Al 2 O 3 and Fe 2 O 3 extracted from the soil samples was calculated. Extracted Al and Fe are considered to come from allophane and amorphous iron and Al oxides and hydroxides. The loss on ignition of the samples and the clay fraction (less than 2 mm in grain size) increase with depth while the primary material fraction (more than 2 mm in grain size) decreases with depth. SEMEDX (Energy dispersive X-ray) analyses of the samples showed that the surface of volcanic glass is coated by very fine-grained halloysite.
XRD, oxalate extraction, optical observations (binocular, thin section, SEM), EPMA and SEMEDX methods and the weathering sequence previously studied (Wada, 1977) for volcanic ash soils suggest that the sequence of weathering is as follows; volcanic glass AE allophane AE halloysite.
For the rhyolitic tephra under the humid conditions in Japan, the allophane-halloysite transformation occurs after about 6,000 years (Wada, 1977; Nagasawa, 1978) . However, this transformation in the samples occurs in very shallow horizons studied here (Fig. 4) , implying a considerably short period for the transition compared with rhyolite glass. This difference is considered to be due to the different glass compositions. Basalt glass (SiO 2 :Al 2 O 3 < less than 4) has an intrinsically smaller molar Si:Al ratio and a soft and porous structure that favors weathering at a much higher rate than rhyolitic glass (SiO 2 :Al 2 O 3 = 5 or 6) (Lowe, 1986) .
PHYSICAL AND CHEMICAL PROPERTIES OF ANDISOL AND SOIL WATER
Dry bulk density
Samples were dried at 105∞C for 48 hours. From the weight difference between the wet and dried samples and the volumes of the samples, the dry bulk density and water content of the samples were calculated. Dry bulk density does not vary much with depth. The water content increases with depth, suggesting an increase in the relative amount of clay minerals. 
Bulk composition
Bulk composition of the samples was analyzed by Xray Fluorescence (XRF). The samples were dried in an oven at 40∞C overnight. The dried samples were powdered by an agate mortar for thirty minutes. 0.4 g powdered sample was mixed with 4 g of Li 2 B 4 O 7 in a platinum crusible and it was fused at 1150∞C for 7 minutes. It was then quenched to make glass bead disk which was analyzed by means of a Rigaku RIX 1000 XRF using the standard calibration method for Si, Al, Na, K, Ca, Mg, Fe, Ti, Mn and P. The analytical results are presented in Fig. 7 .
In order to estimate elemental mobility during the weathering, the (MO/Al 2 O 3 ) sample /(MO/Al 2 O 3 ) parental rock ratio (Al 2 O 3 -normalized value) and (MO/Al 2 O 3 ) sample / (MO/TiO 2 ) parental rock ratio (TiO 2 -normalized ratio) were calculated for each component (M), because it is generally recognized that Al and Ti are the most immobile elements during chemical weathering (e.g., Nesbitt and Young, 1984) . It was found that these normarized ratios are consistent with each other. Therefore, only Al 2 O 3 -normarized values are shown in Fig. 8 . The parental rock composition was taken from the average composition of basaltic pyroclastics of Fuji Volcano (Kuno, 1960) .
It was found that the ratios of Fe, Ti, and Mn contents to Al content increase or do not change with depth, while The trends of bulk compositional weathering profile are consistent with mineralogical change due to the chemical weathering (dissolution) of volcanic glass.
DISSOLUTION-PRECIPITATOIN KINETICS-FLUID FLOW COUPLING MODEL
As mentioned already, volcanic glass is the most dominant primary material (more than 70% in abundance). It is therefore, important to clarify the mineralogical and bulk compositional changes due to the interaction between volcanic glass and the rainwater-derived solution (soil water).
Previous mineralogical studies of weathering of volcanic glass in tephra deposit under humid conditions encountered in Japan clearly indicate that allophane was formed from volcanic glass (e.g., Wada, 1977) . The rate of allophane precipitation is considered to be very fast compared with that of the dissolution of volcanic glass because the concentration of Al in soil water are very much less than the detection limit of AAS.
Mineralogical and XRF studies suggest that the fol-(a) (b)
Fig. 8. Variation of the Al 2 O 3 normarized value for each element with depth from site A (a) and site B (b).
Na, K, Ca, and Mg decrease considerably and Si decrease slightly with depth. The relative elemental mobilities during the weathering is as follows.
Na, Ca > K > Mg > P > Si > Ti, Fe > Al > Mn.
The conquence is almost the same as for that the mobility of major elements in the weathering profile of a rhyolitic pyroclastic flow deposit, from southern Kyushu, Japan, which consists dominantly of volcanic glass, is Na > Ca > K > Si > Fe > Al > Ti > Mn (Kawano and Tomita, 1999) .
The order of elemental mobility obtained by the present study is roughly similar to but slightly different from that previously established for basalt weathering which is Ca > Na > Mg > Si > Al > K > Fe > Ti (Craig and Loughnan, 1964; Coleman, 1980; Smith et al., 1987) . The possible causes for this difference are different volcanic glass/primary mineral content ratio, mineralogy and the effect of vegetation. However, it is uncertain which one of these is not important and further work on the cause of this difference is required. lowing dissolution and precipitation reactions proceed during the weathering of basalt glass because the Ca/Na molar ratio of bulk samples is about 2. Allophane is considered to be a mineral precipitating from soil water because this mineral forms earlier than halloysite. The chemical composition of soil water penetrating in the soil profile is controlled by the reaction below. 
The change of the H 4 SiO 4 concentration in soil water with time is expressed as follows (Shikazono and Fujimoto, 1996; Shikazono et al., 2001) .
where C is H 4 SiO 4 concentration in soil water (mole/ kg·H 2 O), t is time(s), k is the dissolution rate consant (mole/m 2 s), A is surface area of volcanic glass (m 2 ), M is mass of aqueous solution (kg), C e is equilibrium concentration of H 4 SiO 4 (mole/kg·H 2 O), q is rate of flow of soil water penetrating downwards (m 3 /s), V is volume of the reservoir of the aqueous solution (m 3 ), and C i is initial concentration of the aqueous solution (mole/kg·H 2 O).
The adapted model is shown in Fig. 9 . Rainwater penetrates downwards through the unit reservoir, and reacts with the volcanic glass. The volcanic glass dissolves in the soil water and allophane forms. The soil water then penetrates downwards to the other unit reservoir composed of volcanic ash which deposited while the deposition of volcanic ash 0.1 m thick occurred once during 33.3 years on the surface to form new unit reservoir.
From Eq. (3) based on steady state conditions (dC/dt = 0), the relationship between the concentration in the (n-1)th reservoir (n is up to 300) and that in n-th reservoir is represented by,
where C n-1 is H 4 SiO 4 concentration in the (n-1)th reservoir and C n is H 4 SiO 4 concentration in the n-th reservoir.
In order to derive the relationship between the variation in H 4 SiO 4 concentration of the soil water with depth and the proportion of the volcanic glass residue to the original volcanic glass abundance with depth, we need to constrain on the values of parameters govering Eq. (4).
The following values of parameters were used to calculate Eq. (4).
1. Rate of deposition of volcanic ash = 0.01 m/33.3 years = 3 ¥ 10 -3 m/year; This was calculated based on the 14 C age of soil samples.
2. Annual rainfall = 1,700 mm/year; Present-day annual precipitation on this area is 1,700 mm/year. Climate change around the Japanese Islands since 6,000 years ago has been studied by many investigators (e.g., Sakaguchi, 1961) who showed that the annual precipitation during this period was 1 ± 0.5 compared the present-day precipitation. Therefore, it is assumed that this rate has been constant from ca. 6,000 years ago to present.
3. The flow rate of soil water penetrating downwards is assumed to be q = 1.7 m 3 /year = 5.3 ¥ 10 -8 m 3 /s; This was calculated based on the present-day annual precipitation data.
4. Porosity of volcanic ash soil = 70%. This was estimated from the measured bulk dry density (=0.75 g/cm 3 ) and actual specific gravity of Andisol (=2.5 g/cm 3 ). 5. Volume of reservoir = 7 ¥ 10 -3 m 3 . By choosing the volume deposited during 3.3 year on the surface of 1 m 2 and 70% porosity, a unit reservoir volume of 1 m ¥ 1 m ¥ 0.01 m as aqueous solution is 7 ¥ 10 -3 (m 3 ). If we take the glass composition to be Na 0.33 Ca 0.67 Al 1.67 Si 2.33 O 8 estimated from EPMA data, molecular weight is 272.9, and the molecular mass/Si1 mol ratio is 117. Therefore, weight % of the dissolved volcanic glass was derived from the weight following Eqs. (5) and (6).
The weight % of volcanic glass, Y n (wt.%) = 100 -X n . (6) 6. Equilibrium H 4 SiO 4 concentration for volcanic glass = 10 -2.71 mole/kg·H 2 O; This equilibrium H 4 SiO 4 concentration of soil water has been estimated based on thermochemical data on amorphous SiO 2 (Drever, 1988) .
7. The H 4 SiO 4 concentration; In order to estimate the H 4 SiO 4 concentration in soil water as a function of depth, we need to know the dominant dissolution and precipitation reactions during chemical weathering. Bulk compositions obtained by XRF indicate that Ca:Na molar ratio is 2:1. As previously noted, dominant reactions governing the H 4 SiO 4 concentration in soil water are considered to be (1) and (2) mentioned above.
Using values of the parameters mentioned above and based on the above equations, we can derive the relationship between H 4 SiO 4 concentration, k(A/M), and the depth as can be calculated (Fig. 10) . Taking the Si concentration in soil water to be 2-3 ¥ 10 -4 mol/kg·H 2 O based on the analytical results of the soil water (Fig. 6) , k(A/M) is estimated to be 10 -9.0 -10 -8.8 . The grain size distribution for the volcanic glass of tephra deposits derived from Hoei (Fuji volcano) in Japan was obtained by Yamada and Shoji (1975) . Taking 200 mm for average grain size and 70% for the porosity and assuming that the volcanic glass grain is a sphere, we can estimate A/M. The relationship between grain size (r: radius of grain) and A/M is obtained from A/M = 9/7 ¥ 10 3 ¥ (1/r) where r is grain size (mm).
Taking 200 mm for average grain size, and considering the relationship between r and A/M derived above, the A/M is estimated to be ca. 50. From this A/M value and the relationship between logA/M and logk derived above, and considering the uncertainties of parameter values we can estimate logk as -10.2 ± 0.5. Assuming that average temperature during the last 11,000 years was 20∞C ± 5∞C, the logk value can be calculated and plotted on Fig. 11 . This figure shows an Arrhenius plot of published basalt glass dissolution rates which have been measured under neutral pH condition between 3 and 320∞C and the data are distinguished as either "initial rates" (open symbols) or "long-term rates" (filled symbols) (Berger et al., 1994) . The "initial rates" were measured during the first stage of alteration in solutions clearly undersaturated with respect to amorphous silica, which led to the formation of a thick alteration skin, and the "long-term" rates correspond either to experiments where a thick alteration skin was formed, or to measurements carried out during the first stages of alteration but in silica-rich solutions (Berger et al., 1994) .
It is interesting to note that the mean value of longterm dissolution rate constant obtained by the present study plots close to the experimental value (e.g., Grambow (Berger et al., 1994) and dissolution rate of basaltic glass estimated in the present study. et al., 1992; Berger et al., 1994) (Fig. 11) and the previously estimated field data on the smectite alteration thickness of basalt glass (Yusa et al., 1991) .
This consistency clearly indicates that the method used by this study based on kinetic-fluid flow coupling model and various field data could be applicable to estimating the dissolution rate constant of volcanic glass in volcanic ash.
SUMMARY AND CONCLUSIONS
The main results obtained by this study are summarized below.
(1) The basaltic volcanic ash ejected from Mt. Fuji weathered during the last 6,000 years to form Andisol which is mainly composed of volcanic glass, lithic fragments, silicate minerals (feldspar, olivine, pyroxene), halloysite, allophane and organic matter.
(2) The order of elemental mobility is as follows. Na, Ca > K > Mg > P > Si > Ti, Fe > Al > Mn. This order is the same to that for acidic pyroclastic rocks (Kawano and Tomita, 1999) .
(3) The relationship between the H 4 SiO 4 concentration in soil water and depth was calculated based on the dissolution kinetic-fluid flow coupling model. For the calculations, the rate of deposition of volcanic ash, annual precipitation, porosity, specific gravity and grain size of volcanic glass were given.
(4) The dissolution rate constant of basalt glass was estimated to be -9.3 ± 0.5 (in log arithm) (mol Sim -2 s -1 ). This estimated value is consistent with the previously determined experimental dissolution rate constants at nearly neutral pH for basalt glass summarized by Berger et al. (1994) .
For the calculations, a simple model was adopted and several assumptions were made in this study. In a future, larger amounts of mineralogical, geochemical and physical data will be required and more complicated models should be used. However, the agreement of the dissolution rate constant of the basalt glass obtained by this study with previous experimental data shows that the approach used in this study to estimate field dissolution rates of primary materials in soils is useful. No studies on this kind of approach to estimate dissolution of silicates based on various field data and kinetic-fluid flow modeling has been carried out. Therefore, it is expected that the method adapted by this study could be applied to other types of water-rock interactions in geologic systems.
